Dredging can have significant impacts on benthic marine organisms through mechanisms 8 such as sedimentation and reduction in light availability as a result of increased suspension of 9 sediments. Phototrophic marine organisms and those with limited mobility are particularly at 10 risk from the effects of dredging. The potential impacts of dredging on benthic species 11 2 depend on biological processes including feeding mechanism, mobility, life history 12 characteristics (LHCs), stage of development and environmental conditions. Environmental 13 windows (EWs) are a management technique in which dredging activities are permitted 14 during specific periods throughout the year; avoiding periods of increased vulnerability for 15 particular organisms in specific locations. In this review we identify these critical ecological 16 processes for temperate and tropical marine benthic organisms; and examine if EWs could be 17 used to mitigate dredging impacts using Western Australia (WA) as a case study. We 18 examined LHCs for a range of marine taxa and identified, where possible, their vulnerability 19 to dredging. Large gaps in knowledge exist for the timing of LHCs for major species of 20 marine invertebrates, seagrasses and macroalgae, increasing uncertainty around their 21 vulnerability to an increase in suspended sediments or light attenuation. We conclude that 22 there is currently insufficient scientific basis to justify the adoption of generic EWs for 23 dredging operations in WA for any group of organisms other than corals and possibly for 24 temperate seagrasses. This is due to; 1) the temporal and spatial variation in the timing of 25 known critical life history stages of different species; and 2) our current level of knowledge 26 and understanding of the critical life history stages and characteristics for most taxa and for 27 most areas being largely inadequate to justify any meaningful EW selection. As such, we 28 suggest that EWs are only considered on a case-by-case basis to protect ecologically or 29 economically important species for which sufficient location-specific information is 30 available, with consideration of probable exposures associated with a given mode of 31 dredging. 32 33 Keywords: Dredging; sedimentation; environmental windows; marine biota; invertebrates; 34 seagrass, macroalgae 35 36 Highlights: 37
have a single reproductive episode in a life-cycle, would be expected to be more vulnerable 241 to disturbances than iteroparous organisms, which may reproduce multiple times in a 242 lifecycle (Roberts and Hawkins, 1999) . Similarly, the risk for adverse effects of dredging 243 during reproductive periods is greater for invertebrates with a discrete annual spawning 244 period compared to those with multiple protracted spawning events occurring throughout the 245 year and outside the period of dredging. Some species have well studied and predictable 246 spawning periods which enable discrete environmental windows in some areas. Most notably, 247 most species of scleractinian corals on the Great Barrier Reef have a very discrete spawning 248 period associated with the lunar cycle in spring (Babcock et al., 1986) Species from other 249 phyla have also been observed spawning in concert with the corals during these annual 250 autumn spawning events (Babcock et al., 1992) . In addition the reproduction biology for 251 some commercially fished crustaceans and molluscs is well known including in Western 252 deposition of fine sediments is likely to have a negative effect on recruit survival, whereas 270 following this period juvenile oysters can tolerate sediment deposition of 2-3 mm, but >5 mm 271 is likely to have negative effects (Wilber and Clarke, 2001) . Fine sediments may also create a 272 boundary layer for gas transfer, facilitating the formation of sulphides and creating anoxic 273 conditions (Salomons, 1985) , which may inhibit the growth of attached organisms or cause 274 mortality (Essink, 1999) . 275
3.2.!Identifying key life history characteristics of invertebrates and assigning vulnerability 276 scores 277
There is potential for significant negative effects from dredging operations if conducted 278 during the key periods of larval release, settlement and recruitment. Identifying the timing of 279 these ecologically sensitive periods on a species-specific basis is therefore important for 280 environmental window modelling for a particular location. A generalised summary of LHCs 281 that may be vulnerable to dredging for various life history stages is shown in Table 1 . 282
Detailed information on the LHCs of major invertebrate taxa is shown in Appendix A. We 283 created sub-categories for each phylum, based on morphology and reproductive strategy, as 284 these are major factors contributing to a species' vulnerability to sedimentation. This 285 information was then used to assign a general vulnerability score to each taxon or taxon 286 subset listed in Appendix A. 287 288
4.! Assessing the vulnerability of seagrasses to dredging 289

4.1.!Potential impacts of dredging on seagrasses 290
Seagrasses are highly sensitive to changes in water quality, sediment loading, and other 291 inputs that accumulate as a result of the modification of watersheds and coastal water bodies 292 (Dennison et al., 1993) . Therefore, seagrasses are useful for identifying critical environmental 293 thresholds that may be triggered by dredging operations for other organisms. Given the 294 widespread distribution and significant environmental and economic value of seagrass 295 ecosystems (Orth et al., 2006) , these organisms take priority for protection within dredging 296 management practice (Waycott et al., 2009) . 297 298 Seagrasses can be affected by dredging in several ways. They can be directly affected at the 299 dredge and disposal sites, when they are often physically removed or buried, or indirectly by 300 changes in water quality or bathymetric changes which may sometimes occur as a result of 301 dredging activities (Erftemeijer et al., 2006) . Seagrasses are also affected by the increased 302 turbidity, resulting in reductions in light available for photosynthesis, and increased levels of 303 sedimentation, which can result in significant negative effects on seagrass shoot density, leaf 304 biomass, physiology and productivity (Erftemeijer et al., 2006) . 305
306
The ability of seagrasses to resist and recover from disturbances caused by dredging is 307 species-specific and related to a number of LHCs (Table 1(B) ). Recently, Kilminster et al. 308 (2015) summarised seagrass vulnerability to disturbance by grouping species into three 309 categories based on their LHCs: 1) Persistent species are defined as those with long turnover 310 times, that are slow to reach sexual maturity and with less investment in sexual reproduction 311 such that the presence of a seed bank is rare. Persistent species are more resistant to 312 disturbance but take longer to recover than colonising species; 2) Opportunistic species share 313 traits with the previous and next classifications, with the ability to colonise quickly, produce 314 seeds and to recover from seed when necessary (Kilminster et al., 2015) ; and 3) Colonising 315 species are seagrasses with short ramet turnover times, that are quick to reach sexual maturity 316 and display a high investment in sexual reproduction to produce seeds, usually resulting in 317 the presence of a seed bank. Species within this group generally have a limited resistance to 318 disturbance but have the ability to recover quickly. We use these classifications for assessing 319 seagrass vulnerability as LHCs play a large role in determining the vulnerability (ability to 320 resist and recover from disturbance; with lower resistance and recovery rates leading to high 321 vulnerability) of a particular species to dredging (Kilminster et al., 2015 slow-growing and thus also classified as persistent (Kilminster et al., 2015) . These seagrasses 349 display some tolerance to sedimentation (Waycott et al., 2007; Cabaço et al., 2008) . For 350 example, Thalassia testudinum and Thalassia hemprichii displayed 50% mortality under 5cm 351 of sediment (Suchanek, 1983) , while only 20% mortality of Enhalus acoroides was observed 352 after 10 months burial under 16 cm of sediment (Cabaço et al., 2008) . Thalassia spp. Enhalus spp. naturally occurs in highly turbid environments (Kiswara et al., 2005; Unsworth 361 et al., 2012) as is therefore likely to be more resistant to Thalassia spp. to reduced light 362 availability. Thalassia spp. recover relatively slowly following disturbance, taking several 363 years to recover from vessel-related injury (3.5 -4.1 years for propeller scars and up to 7.6 364 years for artificial cuts) (Dawes et al., 1997) . It is therefore critical that Thalassia spp.meadows are not damaged beyond their threshold of recovery, as complete recovery and 366 regrowth of a damaged meadow may take many years. 367
4.2.2.! Opportunistic seagrass species 369
Opportunistic seagrass genera (e.g. Amphibolis, Zostera, Cymodocea, Syringodium) have 370 variable resistance to dredging. For example, the moderately fast growing genus Amphibolis 371 is generally more resilient to sedimentation and burial than smaller genera with shorter life 372 spans. Indeed, Amphibolis growth rates were unaffected following burial in 10 cm of aerobic 373 sediment along the Adelaide coast (Clarke, 1987) . However, other opportunistic genera have 374 limited resilience to burial. Zostera spp. have shown limited resilience to burial (70 -90% 375 mortality under 2-4 cm sediment) (Mills and Fonseca, 2003; Cabaço and Santos, 2007 ) , and 376 large losses of Zostera tasmanica and Zostera muelleri were attributed to dredging and 377 sediment build up on leaves (Kirkman, 1978, Clarke and Kirkman, 1989) . Similarly, sudden 378 burial under 5 cm of sediment resulted in 90% mortality in Cymodocea nodosa after 35 days 379 (Marba and Duarte, 1994) . However, Cymodocea serrulata and Syringodium isoetifolium 380 were able to withstand burial under 4 cm for 27 days, but responded adversely to burial 381 depths greater than 8 cm with large reductions in above and below ground biomass and shoot 382 density (Ooi et al., 2011) . Both species also benefitted from the presence of an intact 383 rhizome, such that clonal integration is important for the persistence of these species 384 following a burial event (Ooi et al., 2011) , likely due to the sharing of resources between 385 neighbouring individuals (ramets) (Marba et al., 2006) . 386 387 Most opportunistic seagrass genera have high rates of recovery following disturbance. 388
Amphibolis griffithii meadows have been shown to recover within 10 months from shading 389 experiments mimicking 3-month long dredging scenarios despite above-ground biomass 390 losses of up to 72% (McMahon et al., 2011) . However, recovery was not observed following 391 longer periods of shading (6-9 months, McMahon et al., 2011) . Cymodocea species have the 392 potential to recover from periods of eutrophication and/or light deprivation once conditions 393 improve. For example, a Cymodocea nodosa meadow in a Mediterranean lagoon decreased 394 by 49% in cover from the early 1970s to the early 1990s due to heavy rainfall, dredging and 395 eutrophication, but subsequently increased by 42% from the early 1990s to 2013, initiated by 396 improved catchment management and termination of dredging, showing capacity fortropics, Z. muelleri recovered completely within two years following a flood-related loss of 400 95% of intertidal seagrasses in the Great Sandy Strait, Queensland, Australia, with recovery 401 facilitated by seed banks in sediments (Campbell and McKenzie, 2004) . Thus, maintenance 402 of seed banks may be critical to the recovery of damaged Zostera spp. beds and dredging 403 operations timed after seed release are more likely to facilitate natural re-growth from seed 404 reserves. However, in other meadows of the same species recovery from loss may be nearly 405 exclusively from clonal growth (Rasheed 1999 ) with prognosis for recovery poor if the entire 406 standing crop is lost. In these circumstances maintenance of the adult population may be 407 more critical than protecting flowering and seed production (Rasheed 1999 ) and emphasise 408 the requirement for local knowledge of meadow life history and differences that can occur 409 even within the same species before application of EW's. 410 penetrating the sediment surface (Birch, 1981) . In addition, there is a trade-off between fast 433 growth and reproduction, which results in a relatively low tolerance to prolonged periods of 434 decreased light levels compared to more persistent species. Halophila species are able to 435 physiologically and morphologically acclimate to reductions in available light due to their 436 relatively small size. Halophila ovalis shows acclimation potential to light levels below their 437 minimum light requirements, but only for 3-5 days, after which growth rates are reduced 438 (Longstaff et al., 1999a,b) . Recovery was possible for this species if light levels were restored 439 within 9 days, but periods of low light exceeding 15 days were associated with an 440 exponentially greater risk of mortality, with 100% mortality occurring after 30 days of 441 shading (Longstaff et al., 1999a) . Acclimation to chronic low light conditions in Halophila 442 ovalis in Singapore waters was found to reduce its resilience to further (short-term) sediment 443 disturbances (Yaakub et al., 2014) . Similarly, the capacity for recovery after a loss is high inmacrophytes to sedimentation during reproductive and recruitment phases, it would be 496 beneficial to avoid these periods for dredging. Algae in the temperate genus Ecklonia, 497 another habitat-forming leathery macrophyte, have a heteromorphic life history wherein the 498 large, conspicuous plant (the sporophyte) alternates with a small, filamentous gametophyte, 499 which is the site of sexual reproduction. Erosion, or tissue sloughing, of Ecklonia spp. 500 sporophytes occurs in autumn (de Bettignies et al. 2013) , and survival and growth of the 501 gametophyte is tolerant of high and variable summer temperatures (Mohring et al. 2014) , 502
such that an autumn-winter EW is clearly preferred for these large macrophytes. 503
The detailed phenology of most brown algae is poorly known but appears to be temperature 504 dependent (Kendrick and Walker, 1994 ). The functional group 'siphonous algae' consist entirely of green algae from the order 517
Bryopsidales. The effects of dredging and sedimentation on siphonous algae are similar to the 518 leathery macrophytes. Low levels of sedimentation are unlikely to inhibit algal growth but 519 may affect recruitment, survival and vegetative regeneration. Furthermore, invasive 520
Chlorophytes in the Mediterranean Sea, such as Caulerpa racemosa (now C. cylindracea), 521 appear to be more resistant than native species to sedimentation events, thus benefitting from 522 such disturbances (Piazzi et al., 2005) . Calcareous green algae within the genus Halimeda 523 have a noted tolerance to lower light levels (Hillis-Colinvaux, 1986 ) and may thus be more 524 resistant to the increases in turbidity associated with dredging than other genera with higher 525 light requirements.
in green algae that coincided with the annual shift from the dry to the wet season in Panama 529 (March -June; a period of increased solar radiation). In Australia, Price (1989) recorded 530 active growth of most species during autumn, winter and spring, whereas smaller groups 531 were restricted to winter and spring, and others to summer. As such, generalities with respect 532 to siphonours algae phenology cannot be made without considerable further study. (Pritchard et al., 550 2013) . This group can also tolerate sub-optimal light conditions for up to five days without 551 losing biomass (Pritchard et al., 2013) . 552
Rhodophyta species show considerable variation in periodicity of growth and reproduction 553 (Price, 1989) , such that no general pattern is evident. Maggs and Guiry (1987) suggested that 554 temperature, photoperiod, light quality and irradiance are the most important environmental 555 factors regulating macroalgal phenology, although temporal variation in nutrient levels, 556 grazing pressure, wave action and sand scour may also be important in some communities. 557
Rhodophyte species with heteromorphic life histories including crustose or filamentous 558 phases are often prevalent on mobile substrata and are able to withstand severe conditions, 559 although existing studies are limited. 560
5.2.!Identifying key life history characteristics of macroalgae and assigning vulnerability 561 scores 562
As with seagrasses, environmental windows for macroalgae should account for plant 563 phenology, sensitive periods in the life history cycle (e.g. gametophyte vs. sporophyte stages 564 for some macroalgae) as well as annual cycles in environmental conditions. However, 565 phenology for many taxonomic and functional groups of macroalgae remains poorly known, 566 limiting our capacity to determine vulnerability and identify potential EWs. In general, slow-567 growing macroalgae that are longer-lived will be more vulnerable than faster-growing 568 macroalgae that have shorter lifespans. 569
6.! Case study: the potential for environmental windows in Western Australia 570
The selection of effective EWs is highly dependent on the particular habitat and species 571 present. These may be highly diverse, with correspondingly diverse LHCs and variable 572 vulnerabilities to disturbance. Thus, the first step in the selection of EWs for dredging is to 573 assess the ecological, social and economic 'value' of the species present in order to prioritise 574 protection. This assessment should be made in tandem with robust estimates of the probable 575 spatial and temporal scales of dredging-induced sediment release and sedimentation 576 superimposed on exposures due to other sources (e.g. seasonal frequencies of freshets and 577 storms). Finally, the vulnerability of these species must be assessed based on their LHCs and 578 sensitivity to environmental change. 579 June (Wells and Sellers 1987) and the trochid Cantharidus pulcherrimus spawns from March 603 to April (Wells and Keesing 1987) . Some species have more than one spawning period 604 during the year (e.g. the limpet Patelloida nigrosulcata spawns in winter and spring (Wells 605 and Keesing 1988) which is helpful to identifying EWs. 606
6.1.!Environmental windows for marine invertebrates in Western Australia
6.1.2.! Tropical invertebrates 607
In north-western Australia, most species of scleractinian corals are known to spawn 608 synchronously after sunset on an ebbing neap tide during a discrete and predictable annual 609 window in late March (autumn) (Simpson 1985; 1991; Simpson et al. 1993; Babcock et al. 610 1994) although spawning of some species also occurs in spring or early summer in parts of 611 the Pilbara and Kimberley, consistent with that on the Great Barrier Reef (Rosser and Baird 612 2009; Baird et al. 2011; Stoddart et al. 2013) leading to a suggestion that activities to which 613 coral gametogenesis, spawning and settlement also be avoided during that period (Baird et al. 614 2011) . Species from other phyla have also been observed spawning in concert with the corals 615 during annual autumn spawning events on the Great Barrier Reef (Babcock et al., 1992) and 616 as such this might also be expected to occur in Western Australia. Indeed Simpson et al. 617 (1993) recorded unidentified polychaetes spawning at the same time as Acropora corals at 618 Ningaloo Reef in Western Australia. Those same authors have also observed a polychaete 619 (Eunice spp.) releasing a bright red epitoke as well as sea stars and sea urchins spawning 620 coincident with corals at Ningaloo (R. Masini, pers. obs; C. Simpson, pers. comm.) . With the 621 exception of commercially important invertebrate species (e.g. Penaeus latisulcatus spawns 622 year round in north-western Australia, Penn, 1980) , the reproductive periodicity of species (Nov. -Jan.) (Kirkman, 1999 , Campey et al. 2002 . In Victoria, Australia, the greatest rates 661 of Zostera spp. leaf and areal production have also been measured during summer and late 662 spring (Bulthuis, 1983; Bulthuis and Woelkerling, 1983) . Thus, EWs that avoid intensive 663 dredging activities in close vicinity to seagrass areas during spring and early summer in 664 temperate environments are likely to be beneficial for this genus. 665
666
The opportunistic, Amphibolis species flower during the Austral autumn, between May and 667
6.3.2.! Ecklonia 721
Production of zoospores by the leathery macrophyte Ecklonia radiata. sporophytes in 722 temperate habitats is seasonal, primarily occurring between early summer and autumn 723 (December -May), with a peak in April (Mohring et al., 2013a; Mohring et al., 2013b) . 724
Based on the assumption that the period leading up to sporangial production, spore release 725 and then gametophyte growth is sensitive to perturbation, we suggest that winter would be 726 the optimal period for dredging in temperate WA. Winter is also the season of slowest 727 growth, and significant thallus erosion and dislodgement due to storm conditions. Underlying 728 juvenile sporophytes may also contribute to the formation of a new canopy following a 729 canopy loss, but this is dependent on the timing of canopy removal, with late summer -730 autumn loss favouring faster recovery (Toohey and Kendrick, 2007) . 731 732 In general, dredging during winter is likely to be the most effective EW to use for both 733 seagrasses and macroalgae in temperate WA, given that canopy forming seagrasses and Oct.) where the strong seasonality of the wet summer months enhances growth, reproductive 767 and recruitment timing. Further north, the wet season impacts some groups more than others 768 (Hovey et al. 2015) and EWs for seagrasses for example would be better placed over summer 769 during the wet season (Nov. -March). 770
771
There is currently insufficient scientific basis to justify the adoption of any generic 772 environmental windows for dredging operations in WA for benthic organisms other than 773 corals, and even that is limited for temperate reefs. We suggest the following general criteria 774 for evaluating the potential of using EWs to mitigate dredging impacts:-775 1.! Identify ecologically, economically, or socially 'valuable' species present in order to 776 prioritise protection (Arponen 2012; Costanza et al, 2014 Figure 1 . Normalised total annual vulnerability based on the timing of sensitive life history periods (Table 3) 
